The antimicrobial activities of twenty-twosubstances structurally related to staurosporine, aglycone in the indolocarbazole and bis-indole series were examined against Streptomyces chartreusis and Streptomyces griseus, Bacillus cereus, Escherichia coli, Candida albicans and Botrytis cinerea. Inhibition of sporulation was examined also on the two species of Streptomyces. Unlike literature reports for efficient protein kinase inhibitors, staurosporine and K-252a, no evident correlation could be found either between protein kinase inhibitory potencies and inhibition of sporulation of the Streptomyces species, or protein kinase inhibitory potencies and growth of all microorganisms tested.
Streptomycetes are Gram-positive bacteria which form a spore-producing aerial mycelium. It was found recently that the microbial indolocarbazole metabolites, staurosporine1) and K-252a2) ( Fig. 1) , inhibit aerial mycelium formation and antibiotic production by Streptomyces griseus3\ These compounds are knownalso as inhibitors of eukaryotic protein kinase C.
To determine if there was a general link between activity on protein kinase C and inhibition of spore formation, the in vitro growth inhibitory effect of twenty-two compounds in the indolocarbazole and
bis-indole series were tested against S. griseus and Streptomyces chartreusis. The activities of these twenty-two compoundstowards protein kinase C and protein kinase A have been determined previously; some of them were active, others not4~7). Production of the secondary metabolite calcimycin (A 23187) by S. chartreusis was examined when the culture was incubated with an efficient protein kinase C inhibitor and with a compound inactive towards this enzyme. The antimicrobial activities against Bacillus cereus, Escherichia coli, Candida albicans and Botrytis cinerea were determined also. 
Results and Discussion
Rebeccamycin 1 (laboratory stock sample) was isolated from cultures of Saccharotrix aerocolonigenes8). Compounds2~22 were prepared by either total synthesis or hemisynthesis from rebeccamycin.
Compounds2~ll, structurally related to staurosporine or K-252a aglycones, have different framework flexibilities and different functions (imide, amide and amide-alcohol) on the non-indolic heterocycle (Fig. 2)4 ). Compounds12~16 (Fig. 3) are amides in the indolocarbazole and bis-indole series in which the amide group is acyclic; these compounds, structurally related to those shown in Fig. 2 , have no inhibitory effect on protein kinase C and protein kinase A, as the rigid cyclic structure of the amide group is compulsory for activity against these enzymes5).
Compounds 17~21 (Fig. 4) were obtained by hemisynthesis from rebeccamycin6). Compound 22 (Fig. 5) , a biomimetic analog of K252a was prepared by coupling 2 with methyl-2,5-dimethoxy-tetrahydrofuran-3-carboxylate using /?-toluenesulfonic acid (p-TsOH) in refluxing CH2C12. Methyl-2, 5-dimethoxy-tetrahydrofuran-3-carboxylate was prepared from commercial 2,5-dimethoxytetrahydrofuran-3-carbaldehyde by oxidation with potassium permanganate in a /er/-butylalcohol -aqueous NaH2PO4system according to the method described by Abiko et al.9\ on carbaldehyde-tetrahydropyran moieties.
Since both staurosporine and K-252a allow growth of S. griseus even at high concentrations but inhibit its aerial mycelium formation, we examined the inhibition of both erowth and snorulation of the two species of Streptomyces tested and the inhibition of growth of the other microorganisms tested. The results are summarised in Table 1 Fewof the products tested exhibited antifungal (IC50 (jm); in vitro growth inhibitory effect against different microorganisms (for the 2 species of Streptomyces: g. means inhibition of growth, sp. means inhibition of sporulation).
(+ + +), (+ +), (+), (±) and (-) mean strong, medium, weak, very weakand no activity. The size of zones of growth inhibition was > 12mm(+ + +), activities; 20 and 21, which were active against C. albicans are chloroindolocarbazole systems, and their fungicidal activity was comparable to that observed with chloro-indolocarbazole tjipanazoles isolated from Tolypothrix tjipanasensism. Examples of the effects of compounds 5 (active against PKC) and 12 (inactive against PKC) on growth and sporulation of S. chartreusis are shown in Fig. 6. Fig. 7 shows the activity of 5 on S. griseus.
In vitro phosphorylation reactions revealed multiple phosphorylated proteins in S. griseus3).
Staurosporine and K-252a which are eukaryotic protein kinase inhibitors (staurosporine: IC50 PKC 3 nM and ranging from 3 to 30nM on other protein kinases11*, K-252a IC50 PKC32.9nM2)) also inhibit the phosphorylation of several cellular proteins in S. griseus. These microbial metabolites inhibit aerial mycelium formation and pigment production by S. griseus. This suggests a relationship between protein phosphorylation and both aerial mycelium formation and pigment formation. Amongthe compounds implicated in aerial mycelium formation of different Streptomyces are A-factor and the small protein SapB. A-factor or related compoundsare secreted by manyspecies of Streptomyces and thought to diffuse freely into cells, bind a cytoplasmic protein and inactivate trie protein's ability to repress sporulation12). SapB protein production, triggered by extracellular signals, plays an important role in the formation of aerial hyphae13). It appears that staurosporine and K-252a inhibit the formation of the compoundsinvolved in sporulation or interact with them leading to their inactivation, and so it was concluded that these mechanisms are implicated in the inhibition of protein phosphorylation induced by the protein kinase C inhibitors, staurosporin or K-252a. In this light, the results we obtained on the two strains of Streptomyces were quite unexpected:
1. Unlike staurosporine and K-252a, the active PKC inhibitors 3, 5, 7, ll, 18, 19, which inhibit the sporulation, also inhibited the growth of the Streptomyces species tested.
2. Efficient PKCinhibitors 2, 4, and 22 had no activity on the Streptomyces species tested.
3. 8 and 12 are inactive against PKC, but very strongly inhibited growth close to the disk and sporulation at slightly lower concentrations. 4. 1, 9 and 16, inactive against PKC, inhibited only growth. 5. Only compound 20 was both inactive on PKCand on the Streptomyces species. Since staurosporine, K-252a and the active compoundstested interact with the ATPbinding site of the catalytic domain commonto all protein kinases, they exhibit no marked specificity towards these enzymes, and so protein kinase C, assuming it is implicated in the inhibition of sporulation, it's probably not the sole enzymesystem involved.
Importantly, staurosporine and K-252a are more active protein kinase inhibitors (IC50 in the nM range) than any of our compounds, and yet do not inhibit growth at the same concentration, in contrast to 5, the strongest protein kinase C inhibitor tested here. Since 8 and 12, which are inactive against PKC, inhibit the sporulation of S. chartreusis and S. griseus, the mechanism involved in the inhibition of sporulation does not seem directly correlated with the inhibition of protein phosphorylation by PKC.
The results obtained with 2, 4 and 22, which are active compoundsagainst PKCbut inactive on the microorganisms tested, are surprising. The lack of activity on Streptomyces could be due to absence of penetration into the cells or absence of diffusion through the gelose or metabolism by the cells. To investigate this, cultures of S. chartreusis were incubated with compounds 4 and 5 which are both active against PKC; 5 inhibited sporulation while 4 did not. After four days of incubation, the cultures were extracted as indicated in the experimental section; 5 was recovered unchanged while metabolism of 4 was observed from TLCand 1H NMRspectrum. Metabolism of 4 by the microorganism may therefore explain its inactivity.
As described in the literature3), inhibition of sporulation seems to parallel that of secondary metabolite formation. Accordingly, we examined the production of the ionophorous antibiotic A23 1 87 by S. chartreusis after incubation of cultures with compounds 4 and 5 comparatively to a blank. In the blank, the production of A23187 began after two days, peaking after four days. Whencultures were incubated with 5, A23187 production was arrested until the fourth day and then began slowly. Incubation with 4 led to both reduced growth and A23187 production, and biotransformation of the PKC inhibitor.
It would be relevant to examine if the amides 12, 13, 14, which are inactive against PKCbut inhibit 2, 5 -Dimethoxy-tetrahydrofuran-3 -carboxylic Acid Commercial 2,5-dimethoxy-tetrahydrofuran-3-carbaldehyde (1 g; 6.25 mmol) in ter/-BuOH (37 ml) was diluted in a 5% NaH2PO4 buffer (pH 4.4; 25ml). A 1 m KMnO4 solution (37.5ml; 37.5mmol) was added.
The mixture was stirred for 10 minutes at room temperature, neutralised with saturated aqueous Na2SO3 then acidified to pH 3.5 with diluted HC1. After extraction with AcOEt, purification by flash chromatography (AcOEt-cyclohexane 50 : 50) afforded the acid as colourless crystals (542mg; 3.08 mmol; 49% yield Antimicrobial Tests
Six strains were tested: 3 Gram-positive bacteria (B. cereus ATCC14879, S. chartreusis NRRL1 1407, S. griseus ATCC23345), a Gram-negative bacterium (E. coli ATCC1 1303) a yeast (C. albicans AAAfrom Pasteur Institute) and a filamentous fungus (B. cinerea DSM877). Antibacterial activity was determined by the conventional paper disk (Durieux, No. 268, 6 mmin diameter) diffusion method using the following nutrient media: Mueller-Hinton (Difco) for B. cereus and E. coli, Sabouraud agar (Difco) for C. albicans and B. cinerea and Emerson agar (0.4% beef extract, 0.1% yeast extract, 0.4% peptone, 1% dextrose, 0.25% NaCl, 2% agar, pH 7.0 (Difco)) for the Streptomyces. Growth inhibition was examined after 24 hours incubation at 27°C (37°C for E. coli). Inhibition of sporulation was examined 3 to 5 days later. Products 1~22 were dissolved in DMSOand a paper disk containing each of the products (300fig) was placed on regeneration mediumseeded with spores.
For the control of calcimycin (A 23 187) production by S. chartreusis in the presence of protein kinase C inhibitor, the inhibitor (600 jug in 10 ml of DMSO)was introduced into the culture medium (100 ml)14). After 1, 2, 3, 4 days of incubation, the mediumwas filtered off, the myceliumwas extracted with ethanol and the filtrate with ethyl acetate, after concentration, the A23187production was examined by TLCand compared with a blank.
Scanning Electron Microscopy
Pieces ofmycelium were cut out and fixed under osmium tetroxide vapour for 1 5 hours, then allowed to dry for 12 hours. After sputter coating with gold for 2 minutes under vacuum, the mycelium was examined under a Cambridge stereoscan 360 scanning electron microscope.
